LIM homeodomain transcription factors, Lmx1a and Lmx1b, are required for the development of midbrain dopaminergic (mDA) neurons. Lmx1b is required for the specification and maintenance of mDA neurons, primarily due to its role in isthmic organizer development that is essential for the induction of mDA neurons. Here, we conditionally deleted Lmx1b in the ventral neural tube using ShhCre and found that Lmx1b conditional mutant mouse embryos show no defect in the development and maintenance of mDA neurons. In addition, Dreher (Lmx1a mutant) embryos display only a moderate reduction in the number of mDA neurons, suggesting that the related family member Lmx1b might compensate for Lmx1a function. We therefore generated Lmx1a and Lmx1b double mutants. Severe loss of mDA neurons occurred in Lmx1a dr/dr ;Shh Cre/ϩ ;Lmx1b f/f double mutants due to essential roles for Lmx1a and Lmx1b in regulating the proliferation and neuronal commitment of mDA progenitors through the expression of Wnt1 and Ngn2, respectively. Lmx1a and Lmx1b also negatively regulate Hes1 expression and consequently cell cycle exit through activation of p27 Kip1 expression. In addition, Lmx1a and Lmx1b also regulate the expression of floor plate genes such as Corin and Slit2 and specification of postmitotic mDA neurons. These defects were more severe with decreasing gene dosage of Lmx1a and Lmx1b or observed only when all four copies of Lmx1a and Lmx1b genes were inactivated. Together, our results demonstrate that Lmx1a and Lmx1b function cooperatively to regulate proliferation, specification, and differentiation of mDA progenitors, including their floor plate-like properties.
Introduction
Midbrain dopaminergic (mDA) neurons have diverse roles in regulating motor and cognitive functions (Bjorklund and Lindvall, 1984) . Degeneration or dysfunctions of these neurons can lead to severe neurological disorders such as Parkinson's disease (Lang and Lozano, 1998; Olanow et al., 2003) . These neurons are thought to arise from progenitors in the floor plate region of the caudal diencephalon and the mesencephalon (Marin et al., 2005; Andersson et al., 2006a; Ono et al., 2007) . Extrinsic signals, such as sonic hedgehog (Shh), fibroblast growth factor-8 (Fgf8), Wnt1, and transforming growth factor-␤2 (Tgf-␤2) and Tgf␤3 specify mDA progenitor identity (Hynes et al., 1997; Ye et al., 1998; Farkas et al., 2003; Prakash et al., 2006) . Consequently, mDA progenitors are assigned a combined transcription factor code, including expression of Otx2, Foxa1, Foxa2, Lmx1a, and Lmx1b. Otx2 is a homeodomain transcription factor required for patterning the mid-hindbrain region (Puelles et al., 2003) and specification of mDA progenitors (Omodei et al., 2008) . Foxa1 and Foxa2 are members of the forkhead/winged helix family of transcription factors required for development and maintenance of mDA neurons in adults (Ferri et al., 2007; Kittappa et al., 2007; Lin et al., 2009 ). Lmx1a and Lmx1b belong to the Lmx group of LIM homeodomain transcription factors and share 64% homology in their overall amino acid composition (Hobert and Westphal, 2000) . Lmx1a spontaneous mutants dreher (Lmx1a dr/dr ) exhibit a complex phenotype, including circling behavior, sterility, pigmentation, and tail abnormalities (Lyons and Wahlsten, 1988; Chizhikov et al., 2006a) . Loss-and gain-of-function studies in chick embryos also demonstrate that Lmx1a is an essential determinant of mDA neuron development (Andersson et al., 2006a) . However, only 46% of mDA neurons are lost in Lmx1a dr/dr mutant mouse embryos, suggesting that the related family member Lmx1b may compensate for Lmx1a function (Ono et al., 2007) .
Loss-of-function studies demonstrate that Lmx1b regulates mid-hindbrain patterning, and consequently severe reduction of mDA neuron number is primarily due to early loss of most of the midbrain in Lmx1b Ϫ/ Ϫ mouse embryos (Guo et al., 2007) . Lmx1b also failed to rescue the loss of mDA neurons in chick embryos with specific downregulation of Lmx1a in the ventral midbrain using siRNAs (Andersson et al., 2006a) , suggesting that Lmx1b cannot compensate for Lmx1a function in the development of these neurons. In contrast, Lmx1a and Lmx1b show similar roles in mDA neuron development in gain-of-function studies in mouse embryos (Lin et al., 2009; Nakatani et al., 2010) and in ES cells (Chung et al., 2009) ; however, in these experiments, Lmx1b induces Lmx1a expression in mDA cells and a specific role of Lmx1b in mDA neuron development remains unclear.
We therefore investigated whether Lmx1a and Lmx1b function cooperatively to regulate mDA neuron development using genetic studies in mice. Shh Cre/ϩ 
Materials and Methods

Animals. Lmx1a
dr/dr mutant mice (B6C3Fe-a/a-Lmx1a dr-J ; The Jackson Laboratory), Shh Cre/ϩ (Harfe et al., 2004) , and Lmx1b floxed (Lmx1b f/f ) mice (Zhao et al., 2006) were genotyped as previously described (Mishima et al., 2009 Tissue analysis. The procedures for whole-mount and section in situ hybridization have been described previously (Conlon and Herrmann, 1993; Schaeren-Wiemers and Gerfin-Moser, 1993) . The following mouse antisense RNA probes were used: Arx (Colombo et al., 2004) , Dll1 (Bettenhausen et al., 1995) , Fgf8 (Crossley and Martin, 1995) , Erm (Chotteau-Lelièvre et al., 1997), Lmx1a (Millonig et al., 2000) , Lmx1b [320 bp long over exons 4 -6 of Lmx1b gene encoding for the HD (Puelles et al., 2003) ], Pitx3 (Smidt et al., 1997) , Hes1 (Tomita et al., 1996) , Shh (Echelard et al., 1993), and Wnt1 (McMahon and Bradley, 1990) . Antisense probes for Msx1, Slit2, Corin, and Nato3 were generated from cDNA templates using RT-PCR as described previously (Krawchuk and Kania, 2008) . cDNA template was generated from E12.5 ventral midbrain RNA. Primer sequences are available upon request.
Immunohistochemistry on brain sections were performed as described previously (Ferri et al., 2007) . Primary antibodies used in this study were as follows: rabbit anti-aromatic L-amino acid decarboxylase (AADC) (1:500; Novus Biologicals), rat anti-BrdU (1:20; AbD Serotec), rabbit anti-Cyclin D2 (1:200), rabbit anti-Nurr1 (1:200; Santa Cruz Biotechnology), rabbit anti-Isl-1/2 (K4) (1:500) (Tsuchida et al., 1994) , rat anti-Ki67 (1:50; Dako), mouse anti-Ki67 (1:50; BD Biosciences Pharmingen), mouse anti-Lim1/2 (1:20), mouse anti-Nkx6.1 (1:200), mouse anti-Nkx2.2 (1:25; DSHB), rabbit anti-Lmx1a (1:500; kindly provided by M. German, University of California, San Francisco, Diabetes Center, San Francisco, CA), guinea pig anti-Lmx1b (1:2000; generous gift from Drs. T. Mueller and C. Birchmeier, Max Delbruck Center of Molecular Medicine, Berlin, Germany), mouse anti-Mash1 (1:200), mouse anti-Ngn2 (1:20; kindly provided by D. Anderson, California Institute of Technology, Pasadena, CA), mouse anti-p27 (1:200), rabbit anti-Sox2 (1:200), mouse anti-Brn3a (1:5), rabbit anti-vesicular monoamine transporter (VMAT) (1:100), sheep anti-TH (1:200; Millipore), rabbit anti-TH (1:1000; Pel-Freez Biologicals), and rabbit anti-Pitx3 (1: 500; Invitrogen).
Cell counting. Quantifications of cells were performed from confocal images acquired after immunohistochemistry. For E10.5 embryos, the total number of cells was obtained by counting cells from every fourth sections at 12 m thickness and multiplying raw counts by 4. For E12.5 embryos, cells from one-half of the sections separated at the ventral midline were counted on every sixth section at 12 m thickness, and total number of cells of the mDA region was obtained by multiplying raw counts by 12. For E18.5 data, we counted all THϩ neurons from five matching sections of 12 m (one section every six) from wild-type, Lmx1a dr/dr , and Lmx1a dr/dr Shh cre/ϩ Lmx1b f/f embryos (n ϭ 3 for each genotype). The rostral-most level corresponds to mouse brain atlas at bregma Ϫ2.78 mm (Allen Institute for Brain Science). At this level, part of the posterior hypothalamus and the fasciculus retroflexus are located dorsally and medially to the VTA. The posterior-most section corresponds to bregma Ϫ3.08, where the fasciculus retroflexus forms a round bundle of fiber located ventrally to the VTA. The total number of embryos counted was 74 that were harvested from 24 litters. Quantitative data represent mean Ϯ SEM for cell counts of the entire midbrain. Twotailed Student's t tests or ANOVA were used to determine statistical significance. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001; N.S., not significant.
In vivo proliferation assays. Pregnant females received intraperitoneal injection of BrdU (100 mg/kg; Sigma-Aldrich) 1 h before embryos being harvested and fixed with 4% paraformaldehyde. Sections were immunostained with rat anti-BrdU in combination with mDA cell marker (antiLmx1a or anti-Lmx1b) and/or with anti-Ki67.
Quitting fraction. Twenty-four hours before harvesting embryos, pregnant females received intraperitoneal injection of BrdU (100 mg/kg; Sigma-Aldrich). Sections from E11.5 embryos were then triple stained for Ki67, BrdU, and Lmx1b. The quitting fraction is obtained by dividing the number of BrdU-labeled cells that had left the cell cycle (Ki67ϪBrdUϩLmx1bϩ) by the number of BrdU-labeled cells that were still cycling (Ki67ϩBrdUϩLmx1bϩ).
Results
Expression of Lmx1b in mDA progenitors and neurons is not required for their generation and maintenance
To study the specific effect of Lmx1b on mDA neuron development without disrupting the isthmic organizer, the Lmx1b floxed allele (Zhao et al., 2006) was conditionally inactivated at the ventral midline by ShhCre (Harfe et al., 2004) . In contrast to the conventional Lmx1b knock-out (Lmx1b Ϫ/ Ϫ ) mice, which die within 24 h of birth (Chen et al., 1998) , Lmx1b conditional knock-out (Shh Cre/ϩ ;Lmx1b f/f ) mice were born at the expected Mendelian frequency, were fertile and morphologically indistinguishable from their wild-type littermates, survived to adulthood, and did not show any behavioral defects at least until 18 months of age (data not shown).
Cre expressed from the Shh promoter is efficient in deleting Lmx1b in the ventral midbrain at E9.5, E10.5, and E12.5 ( Fig.  1 A, B, E, F, I, J ) , in agreement with earlier studies using Shh Cre/ϩ mice to delete other genes in the ventral midbrain (Joksimovic et al., 2009a,b) . However, in the caudal-most region of the midbrain, Lmx1b was not deleted in a small number of mDA cells (Fig. 1C, D , G, H, K,L) . For this reason, all analyses shown in this paper do not include the caudal-most part of the midbrain and correspond to sections where deletion of Lmx1b is complete. The morphology of the isthmus and the expression of both Fgf8 and Erm, a downstream target of Fgf signaling, appeared normal in Shh Cre/ϩ ;Lmx1b f/f embryos at E10.5 ( Fig. 1 M-P) , suggesting that Fgf signaling from the isthmic organizer is not disrupted in Lmx1b conditional mutants.
Analyses of TH expression by immunohistochemistry revealed no significant changes in the number of THϩ mDA neurons in Shh Cre/ϩ ;Lmx1b f/f (123.7 Ϯ 8.6%) and wild-type (100%) embryos at E12.5 ( Fig. 2A-C ; Student's two-tailed t test, p ϭ 0.11), in contrast to the strong reduction of THϩ mDA neurons in Lmx1b Ϫ/ Ϫ embryos (Smidt et al., 2000) . Moreover, there was no difference in the expression of Lmx1a and Lmx1b in mDA progenitors of Shh Cre/ϩ ;Lmx1b f/f embryos ( Fig. 2 A, B , D, H, respectively). Importantly, late postmitotic markers Pitx3, AADC, TH, VMAT were still normally expressed in the mature neurons
These results indicate that Lmx1b transcriptional activity in the mDA domain is neither required for the development of mDA neurons nor for the expression of mature dopaminergic markers from E9.5 onward. Furthermore, previous studies have shown that THϩ neurons fail to survive beyond E16.0 in Lmx1b Ϫ/ Ϫ embryos (Smidt et al., 2000) . In contrast, there was no obvious reduction in the THϩ mDA neurons of Shh Cre/ϩ ;Lmx1b f/f embryos at E18.5 (data not shown). Therefore, Lmx1b is also not required for the survival of mDA neurons during development from E9.5 onwards.
Functional cooperation between Lmx1a and Lmx1b in mDA neuron development
Neither the spontaneous Lmx1a mutants dreher (Lmx1a dr/dr ) nor Shh Cre/ϩ ;Lmx1b f/f mutants display the severe defects in mDA neuron development observed in siRNA knockdown study of Lmx1a in chick embryos (Andersson et al., 2006a) . Furthermore, single mutants of either Lmx1a or Lmx1b continue to express Lmx1b (Ono et al., 2007) and Lmx1a ( Fig. 2 A, ) showed the classical dreher phenotype of head-tossing, ataxia, circulating behavior, and abdominal white patches of fur (Lyons and Wahlsten, 1988) .
The development of mDA progenitors (Lmx1aϩKi67ϩ), immature (Nurr1ϩTHϪ) and mature (Nurr1ϩTHϩ) neurons was thenassessedandquantifiedinthewholemidbrain region of Lmx1a/b single and compound mutants at E12.5 (Fig. 3) . Both the Lmx1a dr and Lmx1b flox alleles generate truncated proteins that are still recognized by the Lmx1a and Lmx1b specific antibodies. However, both alleles are very likely null alleles based on the similar brain phenotypes of homozygous Lmx1a dr/dr (Chizhikov et al., 2006b) and Wnt1cre/ϩ;Lmx1b flox/flox (Guo et al., 2007) (Fig. 3A-K ) . Confirmation of the decrease numbers of each mDA population was verified by additional markers [i.e., Lmx1bϩSox2ϩ for progenitors (see Fig. 7F -J ) and Lmx1bϩSox2Ϫ for immature neurons (see Fig. 7F -J ) and Pitx3ϩ ( Fig. 3L-P 
Lmx1b
f/f double mutant embryos to 86.6 Ϯ 1.8, 64.3 Ϯ 3.1, and 14.6 Ϯ 2.6%, respectively, of the wild-type level at E12.5. We deter- mined whether the reduction in mDA progenitor number is due to a proliferation defect or cell death. Short pulse (1 h) BrdU incorporation assays indicated a severe proliferation defect in Lmx1a dr/dr
;Shh
Cre/ϩ ; Lmx1b f/f mutants at E10.5 (Fig. 5) . The mDA progenitors in active cell cycle (Lmx1aϩKi67ϩ) (Fig. 5A-E ,AЈ-EЈ), and mDA progenitors in S-phase of the cell cycle (Lmx1aϩBrdUϩ) (Fig. 5F-J) , were quantified at E10.5 (Fig. 5K) 
;Lmx1b
f/f double mutants (39.4 Ϯ 2.9%) was statistically different fromwild-typeembryos(55.0Ϯ1%)atE10.5, respectively. In contrast, there was no increase in the levels of apoptosis in any of the Lmx1a/b single and double mutants at both E10.5 and E12.5, demonstrated by phosphorylatedCaspase3 immunohistochemistry ( Fig. 5L-P ) (data not shown). These results indicate that the reduction in mDA progenitor numbers is a consequence of proliferation defects, but not attributed to apoptosis.
To better understand the deficiencies in proliferation, genes involved in the regulation of cell cycle were analyzed (Fig. 6) . Cyclin D2, a cell cycle activator protein, was strongly downregulated in the medial region of the mDA progenitor domain of Lmx1a dr/dr ;Shh Cre/ϩ ;Lmx1b f/f double mutants (Fig. 6 D, K ) . Quantitative analyses showed that the number of Cyclin D2ϩ mDA progenitors was significantly decreased in Lmx1a dr/dr (Fig. 6 B, K ) , and there was a proportionately further decrease in this number by reducing the Lmx1b gene dosage on Lmx1a dr/dr background (Fig. 6C,K ) . In contrast, there was no significant difference in the number of Cyclin D2ϩ mDA progenitors in Shh Cre/ ϩ;Lmx1b f/f embryos (Fig. 6 E, K ) . We also found that the expression of cyclin-dependent kinase inhibitor p27
Kip1 , which regulates cell cycle exit, was elevated in the medial mDA progenitor domain of Lmx1a dr/dr ;Shh Cre/ϩ ;Lmx1b f/f mutants (Fig. 6 I ) but was normally expressed in all other mutant embryos (Fig.  6 F-H,J ) . We therefore investigated whether the decrease of mDA progenitors could also be contributed by an increased number of mDA progenitors exiting the cell cycle. The quitting fraction (Qf) (i.e., percentage of cycling progenitors quitting the cell cycle within 24 h of BrdU administration at E10.5) was calculated by measuring the fraction of Lmx1b (Fig. 6 L) . These data suggest that the reduced number of mDA progenitors is caused by decrease in cell proliferation and increase in cell cycle exit of these progenitors. We next examined the expression of Wnt1 that has been implicated in regulating cell proliferation and differentiation of mDA progenitors (Castelo-Branco et al., 2004; Panhuysen et al., 2004; Tang et al., 2009 Tang et al., , 2010 (Fig. 7D) , respectively, at E12.5, but was not affected in Lmx1a and Lmx1b single mutants when compared with wild-type embryos (Fig. 7 A, B,E) . Furthermore, the expression of Lmx1b in the mDA progenitors failed to be downregulated in the Lmx1a/b double mutants at E12.5 (Fig.  7F-J ) . Lack of downregulation of Lmx1b might indicate a delay in these cells; however, this is unlikely to be the case since downregulation of En1 expression in the mDA progenitor region of 
Lmx1a
dr/dr ;Shh Cre/ϩ ;Lmx1b f/f double mutants occurred normally as in wild-type embryos between E10.5 and E12.5 (data not shown). In addition, Sox2 expression was still normally expressed in these progenitors in control and all mutant embryos (Fig. 7F-I) , confirming the progenitor identity of these cells. Since Lmx1a/b has previously been suggested to inhibit Nkx6.1 expression via Msx1 (Andersson et al., 2006a) , we also examined whether Nkx6.1 expression was ectopically expressed in mDA progenitors in the absence of Lmx1a/b. Expression of Nkx6.1 in all mutant embryos was similar to the wild-type pattern (Fig. 7K-O) . Together, these results indicate that the reduced population of mDA progenitors in Lmx1a/b double mutants are not fully specified since these cells fail to initiate and downregulate Msx1 and Lmx1b expression, respectively. mDA progenitors also express floor plate markers such as Arx (Kitamura et al., 1997) , Corin (Ono et al., 2007) , and Slit2 (Dugan et al., 2011) . While Arx expression was not changed (Fig.  8 A-E) , Corin (Fig. 8 F-J ) and Slit2 (Fig. 8 K- region appears uniform in Lmx1a dr/dr ;Shh Cre/ϩ ;Lmx1b f/f mutant embryos, while expression in other mutant embryos was similar to wild-type embryos (Fig. 8Q-T ) at E12.5. Together, these results indicate that Lmx1a/b also has a role in regulating the floor plate properties in mDA progenitors.
Lmx1a/b regulate neurogenesis of mDA neurons
Ngn2 is the major proneural factor required for neurogenesis of mDA progenitors (Andersson et al., 2006a,b; Kele et al., 2006) . Lmx1a has previously been shown to regulate neurogenesis by activating Msx1, which in turn induces the bHLH transcription factor Ngn2 in experiments using chick embryos and mouse mutants (Andersson et al., 2006a) . Consistent with these data, Ngn2 expression was also reduced in Lmx1a dr/dr mouse embryos at E11.5 (Ono et al., 2007 (Fig. 9K ) . In contrast, there was no significant loss of Ngn2 expression in Lmx1a dr/dr after normalization, suggesting that expression of Ngn2 that is reduced in mDA progenitors of Lmx1a dr/dr mutant embryos at E11.5 (Ono et al., 2007 ) is recovered in these embryos by E12.5. To further confirm the defects in neurogenesis, expression of Delta-like 1 (Dll1), which is a direct downstream target of Ngn2, was studied at E12.5. The expression of Dll1 ( Fig. 9L-P) was reduced in the same manner as Ngn2 in Lmx1a/b compound mutants. Thus, the neurogenesis defect in Lmx1a/b mutants is correlated to the loss of Ngn2 expression.
Another proneural gene Mash1 (Ascl1) can partially compensate for the loss of Ngn2 in the differentiation of mDA neurons, although it is not required for the differentiation of the mDA progenitor cells in the presence of Ngn2 (Kele et al., 2006) . The expression of Mash1 was reduced in the same manner as Ngn2 in Lmx1a/b mutants (Fig. 9F-J ) . Since Mash1 expression in the mDA progenitors is reduced in Ngn2 Ϫ/ Ϫ embryos (Kele et al., 2006) , it is not possible to dissociate whether this reduction in Mash1 is a direct effect of Lmx1a/b.
A third bHLH gene, Nato3 (Ferd3l), also contributes to neurogenic activity of mDA progenitors, in part through repression of Hes1, which negatively regulates Ngn2 expression . We therefore examined the status of Nato3 and Hes1 expression in Lmx1a/b mutants. Interestingly, while expression of Nato3 appears unchanged (Fig. 9Q-U Ngn2 expression in mDA progenitors was observed in NestinHes1 transgenic mouse embryos at E12.5 . Lmx1a/b are required for the specification and differentiation of postmitotic mDA neurons Previous studies from phenotypic analyses or Lmx1a dr/dr mutant embryos have shown that Lmx1a is also required for the correct differentiation of mDA progenitors by suppressing Lim1/2 expression in postmitotic mDA precursors. We therefore analyzed Lim1/2 expression in Lmx1a and Lmx1b single and double mutants. Lim1/2 (also known as Lhx1/5; Mouse Genome Informatics), which are normally expressed in red nucleus neurons lacking Lmx1b expression, were coexpressed with some Lmx1bϩ neurons emerging near the margin of the mDA domain of Lmx1a dr/dr mutants as previously described and also within the mDA domain of Lmx1a dr/dr ;Shh Cre/ϩ ;Lmx1b f/ϩ and Lmx1a dr/dr ;Shh Cre/ϩ ; Lmx1b f/f embryos ( Fig. 10 A-E) . These Lim1/2ϩ,Lmx1bϩ neurons also expressed Lmx1a, confirming that they correspond to postmitotic mDA precursors (data not shown). The number of Lmx1aϩ neurons misexpressing Lim1/2 increased with decreasing number of alleles of Lmx1a/b, indicating that Lmx1a and Lmx1b function cooperatively to repress Lim1/2 expression in mDA neurons. We obtained similar results with the red nucleus marker Brn3a, which was also coexpressed by Lmx1bϩ cells in the mDA domain margin in Lmx1a single and Lmx1a/b compound mutants (Fig. 10 K-O) . Together, these data indicate that Lmx1a and Lmx1b also function cooperatively to specify postmitotic mDA precursors. We also found that the expression of Islet1ϩ in oculomotor neurons was similar among all mutants and wild-type embryos (Fig. 10 F-J ) , indicating that Lmx1a and Lmx1b are not required for the generation of these neurons from E9.5 onwards.
Discussion
Lmx1b is not required for the specification and differentiation of mDA neurons Lmx1b is expressed in the isthmic organizer and mDA progenitors at E9.5. Previous studies have shown that severe reduction of mDA neurons occurs in Lmx1b-null mutant embryos (Smidt et al., 2000) . This loss is primarily due to an earlier role of Lmx1b in regulating the expression of Fgf8 and Wnt1 in the isthmic organizer (Guo et al., 2007) . In our paper, Lmx1b is specifically inactivated in mDA progenitors and not in the isthmus in Shh Cre/ϩ ; Lmx1b f/f embryos. Specification and differentiation of mDA progenitors occurred normally in these mutants, indicating that Lmx1b is not required for either of these processes. Lack of a phenotype results from compensation by Lmx1a, since double homozygous Lmx1a/b mutants show almost complete loss of mDA neurons.
Similar roles for Lmx1a and Lmx1b in regulating proliferation and differentiation of mDA progenitors
Lmx1a and Lmx1b double mutants showed a progressively greater loss in the number of mDA progenitors compared with Lmx1a single mutants (Andersson et al., 2006a; Ono et al., 2007) , with the further removal of one and two copies of Lmx1b genes. As the percentage of mDA progenitors in S-phase was proportionately decreased in mutant embryos lacking more copies of Lmx1a and Lmx1b genes, Lmx1a and Lmx1b function cooperatively to regulate the number of mDA progenitors. In addition, p27
Kip1 expression was increased in mDA progenitors and this was accompanied by an increase in the frequency of progenitors exiting cell cycle in Lmx1a dr/dr ;Shh Cre/ϩ ;Lmx1b f/f embryos at E10.5. None of the other Lmx1a/b mutants showed change in p27
Kip1 expression and frequency of quitting fraction of progenitors. Together, these results indicate that Lmx1a/b function cooperatively to regulate the proliferation of mDA progenitors and cell cycle exit.
Lmx1a and Lmx1b regulate proliferation of mDA progenitors in part through the regulation of Wnt1 that is involved in promoting proliferation of mDA progenitors (Panhuysen et al., 2004) . Consistent with this idea, we show that expression of Cyclin D2, a downstream target of Wnt1 and a major cell cycle regulator (Rulifson et al., 2007) , is also severely affected in mutants lacking both Lmx1a/b genes. These results are consistent with the observation that Wnt1 and Lmx1a mutually regulate the expression of each other during differentiation of mouse ES cells into mDA neurons (Chung et al., 2009 ).
Lmx1a and Lmx1b also regulate mDA neuronal cell number by controlling the extent of neurogenesis via regulating the expression of Ngn2. This conclusion is supported by the observation that there is a further decrease in the expression of Ngn2 in mDA progenitors by reducing Lmx1b gene copy number in an Lmx1a mutant background. Previous studies have suggested that Lmx1a regulate Ngn2 expression (Ono et al., 2007; indirectly, via Msx1 genes (Andersson et al., 2006a) . Consistent with this hypothesis, Msx1 expression was also lost in Lmx1a/b double mutants. Our studies also reveal a novel role for Lmx1a/b in regulating neurogenesis via repression of Hes1, a negative regulator of Ngn2. Ectopic Hes1 expression may also explain induction of p27
Kip1 expression in mDA progenitors, as Hes1 has been shown to induce p27
Kip1 in the mDA progenitor domain of Nestin:Hes1 transgenic embryos .
In conclusion, Lmx1a/b regulate mDA neuronal cell number by regulating proliferation, cell cycle exit, and differentiation of mDA progenitors. It is noteworthy that the proliferative defect of mDA progenitors in the Lmx1a/b double mutants is similar to that of En1
Cre ;Otx2 flox/flox embryos; however, in the latter mutant embryos, Lmx1a expression is lost while Lmx1b is still expressed in mDA progenitors, and therefore one might have expected a weaker phenotype that is similar to the Lmx1a single-mutant phenotype (Omodei et al., 2008 targeting of mDA neurons through regulating the expression of Slit2 in the floor plate.
Concluding remarks
Our data from loss-of-function studies of Lmx1a/b doublemutant mouse embryos demonstrate that these genes function cooperatively to regulate proliferation, specification, and differentiation of mDA progenitors. Interestingly, loss of Lmx1a/b did not lead to transformation of mDA progenitor to a more dorsal midbrain progenitor identity, as has been observed in conditional Foxa1 and Foxa2 double mutants. The remaining mDA progenitors continue to express Lmx1a and Lmx1b nonfunctional transcripts, a floor plate marker Arx, and did not express the basal progenitor determinant Nkx6.1. However, Lmx1a/b regulate Ngn2 expression by activating Msx1 expression, repression of Hes1, and downregulation of Shh, and therefore are required for mDA progenitors to acquire neurogenic potential. Our results also show that Lmx1b is required for the generation of mDA neurons in mammalian embryos in the absence of Lmx1a activity, in contrast to results from loss-of-function studies using gene knockdown approaches in chick embryos. In addition, Lmx1a/b are required for Wnt1 expression and contribute to the regulation of mDA progenitor number in mouse embryos. Lmx1a and Lmx1b also cooperate to regulate the expression of Corin and Slit2 in mDA progenitors. Given the role of Lmx1a/b in regulating proliferation and differentiation of mDA progenitors, the challenge in the future is to understand how Lmx1a/b coordinate these two processes to generate the precise number of functional mature mDA neurons.
